The authors describe a method for biomolecular force clamp measurements using atomic force microscope (AFM) cantilevers and micromachined membrane-based electrostatic actuators. The actuators comprise of Parylene membranes with embedded side actuation electrodes and are fabricated on a silicon substrate. The devices have a displacement range of 1.8 mm with 200 V actuation voltage, and displacement uncertainty is 0.8 nm, including the noise and drift. The settling time, limited by the particular amplifier is 5 ms, with an inherent range down to 20 ms. A force clamp measurement setup using these actuators in a feedback loop has been used to measure bond life-times between human IgG and anti-human IgG molecules to demonstrate the feasibility of this method for biological experiments. The experimental findings are compared with a molecular pulling experiment and the results are found to be in good agreement.
Introduction
Cell-adhesion molecules (e.g. integrins, selectins and immunoglobulins) mediate a variety of biophysical processes. Singlemolecule experiments employing an atomic force microscope (AFM) can measure mechanical properties of biomolecular bonds directly to study these processes such as cell tethering [1] [2] [3] , antigen binding to antibody [4, 5] , and protein folding/unfolding [6] [7] [8] [9] .
Conventional AFM systems use a micro-scale cantilever as a force sensor. The cantilever, coated with biomolecules is actuated against a sample surface using a piezo actuator. In an open-loop operation, the piezo pulls the cantilever away from the sample surface at a constant speed. The interaction force between the biomolecules on the cantilever and the sample surface are recorded by measuring the deflection of the cantilever. Varying the pulling speed and measuring the strength of adhesion/rupture events, kinetic off-rates associated with biological weak bonds can be determined based on a kinetic rate model also called as Bell-Evans model [10] [11] [12] . This, however, is rather an indirect way of measuring off-rates and bond life-times. Bond life-times can be measured directly when the cantilever is controlled in a feedback loop. This closed-loop mode of operation is called forceclamp spectroscopy where the force on the cantilever is kept constant by controlling the piezo actuator [6, 9] . A constant force stretches the biological bond, and the time until the bond ruptures is measured as the bond life-time. Force-clamp spectroscopy measures time-domain information hence assesses lifetime directly Force-clamp spectroscopy has been employed to measure biological events such as protein folding/unfolding [6, 7] , receptor-ligand dissociation [13] and association [14] . When used for protein unfolding measurements, faster operation allows the complete detection of unfolding patterns with high precision. Fast operation is also needed for molecular life-time measurements. This capability not only improves temporal resolution, but it also allows the measurement of short life-times, especially observed when the stretching force is higher.
Traditionally, closed-loop operation of the piezo actuator determines the dynamic performance of a force-clamp setup. Both analog [15] and software-based digital PID controllers [16, 17] have been developed to optimize the operation. Typical response time of these setups is $ 3-6 ms with an actuation resolution of $0.5-1 nm. Response time of a force-clamp setup is usually limited by the speed of actuators. Unloaded resonant frequency of commercial stack piezo actuators can reach a few hundred kHz in air. For example, a cube-shaped chip actuator with a side length of 2 mm (PL022 PICMA Chip Actuator, Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany) has an unloaded resonant frequency of 300 kHz. An actuation bandwidth of 30 kHz was demonstrated with this actuator coupled to a cantilever holder [18] . Higher bandwidth is feasible with an optimized holder design. Nevertheless, the response time of an AFM actuator is proportional to the ratio of its mechanical quality (Q) factor to its resonant frequency [19] . High Q-factor inherent to a stack piezo actuator can be compensated for reduced response time by controlling Q-factor electronically. This method has been implemented successfully using feedback loops [20] [21] [22] . In addition, alternative actuation technologies have been developed to reduce the response time of AFM cantilevers. For example, a response time of 90 ms is demonstrated using a novel method of actuating a force-sensing cantilever with a photothermally-actuated cantilever [23] .
The purpose of this study is to describe and demonstrate a method using micromachined membrane-based electrostatic actuators for improved force-clamp experiments. These membrane actuators replace piezo actuators while the displacement of the force-sensing cantilever is measured using the optical lever detection mechanism of a conventional AFM system. Previously, we have used versions of these devices for molecular force spectroscopy measurements [24] , fast molecular pulling experiments [25] , and biomolecular force detection [26] , but the actuator was not used in a closed loop for force clamp measurements. There are several advantages of the membrane type actuators.
The diameter of a typical actuator membrane is 100-300 mm. The foot-print and the moving area of a typical device are much smaller than those of a piezo actuator commonly used in AFM setups. Thus the effective mass of the actuator is reduced significantly. The membranes can also be designed relatively stiff to achieve high speeds. For example, membranes made of silicon nitride/oxide have resonant frequencies of a few hundred kHz [24] in fluid. Moreover, membrane actuators have been shown to reduce the hydrodynamic drag forces experienced by the cantilevers thanks to their reduced area when compared to a piezo actuator [25] . Another advantage of the architecture of membrane actuators is that it is scalable for an array formation owing to microfabrication technology. It is feasible to use an array of membranes to precisely control and actuate an array of cantilevers.
In this paper we demonstrate a force-clamp setup employing the membrane actuators especially for biomolecular life-time experiments. We describe the operation of membrane actuators and present detailed characterization work. We also explain the control of actuators in a feedback loop. The experimental characterization results are presented along with initial biological experiments with the force-clamp setup which involved interactions between a biomolecular pair to demonstrate the feasibility of the method.
Experimental setup and device characterization
We fabricate electrostatic actuators using a 7-mask process with Parylene structural membrane on top of a silicon substrate. The electrodes are buried in the dielectric membrane to electrically isolate them from the fluid medium. The backside of the membrane was etched to reduce the damping effect and allow faster actuation rates. The details of the microfabrication process are explained elsewhere [26] . An illustration of the membrane structure with labeled parts is shown in Fig. 1a and the micrograph of a fabricated device is shown in Fig. 1b .
Stable displacement range of a parallel-plate electrostatic actuator is one-third of the initial gap height between its electrodes. Therefore, this range can be extended by simply increasing the gap height. However, this also will increase the voltage requirement for the operation. In addition, increasing gap height will introduce fabrication complexity. On the other hand, it is also possible to extend the stable displacement range of electrostatic actuators by simply segmenting the electrodes without a need for increased gap heights. This method was introduced to increase the range of a tunable diffraction grating device [27] .
We use segmented-electrode actuation method by patterning both bottom and top electrodes of actuator as shown in Fig. 1 . For experimental characterization, the displacement range provided by a 150 mm diameter membrane was measured. Deflection of the membrane was measured by engaging an AFM cantilever at the center of the membrane. AFM cantilever monitored the displacement of the membrane as the voltage bias between the electrodes was increased. The spring constant of the membrane was 200 N/m and that of the cantilever was 0.01 N/m. Since the membrane was much stiffer than the cantilever, the loading of the cantilever on the membrane due to the engaged cantilever was insignificant. Fig. 2 shows that the membrane can be displaced more than 1.8 mm before it collapses to the substrate. The whole range requires less than 200 V-bias, which is comparable to the requirements of bulk piezo actuators commonly used in commercial AFM systems. The initial gap height was 2.5 mm, and a simple parallel plate electrostatic actuator with this gap would provide a range of 0.83 mm before collapse. The electrostatic actuation with side electrodes increased the range of a simple parallel-plate electrostatic actuator by more than 100%.
Within the full actuation range, the membrane is fast and the speed of actuation is limited only by the membrane dynamics. The resonant frequency of Parylene membranes in fluid is a few tens of kHz and within this bandwidth the responsivity is constant [26] . The calculated in-fluid resonance frequency of the particular membrane used in the experiments is 37 kHz. The resonant frequency of the membrane actuator can be increased above 100 kHz using silicon nitride/oxide membrane materials [24] .
Electrostatic actuators are inherently non-linear actuators. However, when used to actuate AFM cantilevers for certain applications such as dynamic force spectroscopy, it is desirable to linearize the actuator. For linear operation, we drive the actuator by inputting computer generated signals based on a calibration routine. Fig. 2a is an example of a calibration curve with a fitted 3rd order polynomial function. For a desired membrane actuation, the corresponding voltage waveform is generated by a small routine written in LabVIEW 8.5 (National Instruments Corp.). A sample trace shown in Fig. 2b exhibits the linearity of the actuation method. Linear functions were fitted to the ramp-up and ramp-down sections of the graph. Adjusted-R 2 values for the lines were found as 0.99408 and 0.99407. So, an AFM cantilever can be actuated linearly by using a membrane actuator with this routine. For the sake of completeness, the trace of applied voltage is shown in the inset to the graph. Fig. 2b is also helpful for the experimental determination for the accuracy of the actuator. Deviation of the cantilever position was within 0.8 nm when the membrane was kept still. We would like to note that this figure also includes effects of the readout noise and the drift in the system.
We implemented a digital controller for force-clamp experiments using LabVIEW 8.5 environment. The force-clamp setup is schematically shown in Fig. 3 . In this setup, we fixed a membrane actuator on top of the sample stage of a commercial AFM system (Dimension 3100, Veeco Instruments). The force on the cantilever is kept constant at the user defined set point by the feedback loop that controls the membrane actuator. Here, displacement of the cantilever is acquired using a 16-bit data acquisition card (NI PCI 6229, National Instruments Corp.). This signal is compared with the set point and the error signal is fed to the controller. The controller generates the necessary compensation drive signal based on the membrane calibration. We have the flexibility to modify the controller and the set point during the operation with this method. Finally, the drive signal is then amplified and fed to the electrostatic actuator. We use a single-channel commercial amplifier: E-507 Amplifier Module (HVPZT, Physik Instrumente).
An important issue in the force-clamp setup is the uncertainty (noise and drift) in the AFM readout introduced by the membrane actuator. To characterize the additional uncertainty, we obtained the noise spectra of a 320 mm long, triangular-shaped cantilever made of silicon nitride for different cases using a dynamic signal analyzer (SR785, Stanford Research Systems). Displacement noise spectrum of this cantilever (MLCT-C, k nominal ¼0.01 N/m, Veeco Probes) that is commonly used for biological applications is shown in Fig. 4 . A simple harmonic oscillator (SHO) model fitted to the spectrum is also shown as a reference. Then we engaged this cantilever on a flat hard surface and obtained the noise spectrum again. The force on the cantilever was about 250 pN and the displacement spectrum is shown in Fig. 4 . The shift in resonant peak and lower values of displacement around resonance is expected due to the stiffening of the cantilever. However, there are additional peaks introduced into the spectrum. We think this is due to the stage vibration. Finally we engaged the cantilever on a 200 mm diameter membrane actuator and clamped the force on the cantilever at about 250 pN. Fig. 4 shows the obtained spectrum. First observation is that the force-clamped cantilever exhibits a very similar spectrum with that of the cantilever engaged on a surface. That suggests that the forceclamping method described here does not introduce a substantial uncertainty. Yet, the displacement noise is slightly higher for the force-clamped cantilever. One contributing factor can be a shift on the cantilever force for the cantilever-on-surface case. We initially set it to 250 pN but since this case is open-loop, we did not have any precise control on the set force.
We characterized the force-clamp setup as shown in Fig. 5 .
We engaged a same type cantilever on another 200 mm diameter membrane and clamped the force on the cantilever at $ 9 nN. Fig. 5a shows the time traces of the membrane operation and force deviation during the experiment. We disturbed the system using the piezo actuator three times by inputting external steps. The membrane actuator responded so that the clamp force stayed the same. The small indentations visible on the force trace correspond to the time instances of the disturbances. Here, the membrane was able to keep set point for the piezo movement in both directions. One observation is that even when there is no disturbance, the membrane actuator moved to keep the force constant. This result indicates drift and mechanical instability in the system. Even when there is drift, the compensation is effective. So the system is suitable to measure life-time of a biomolecular pair when the bond is stressed at a fixed force. For the characterization of settling time, we changed the set point while the system was running as shown in Fig. 5b . Initially the cantilever was clamped at $ 300 pN and the clamped force was decreased by 50 pN at time $ 0.1 s. The membrane actuator responded and it settled to its updated level in about 5 ms. This figure is comparable to that of AFM force-clamp setups employing piezo actuators [15, 16] . We note that the settling time for our current setup is limited with the bandwidth of the amplifier we use. The 3 dB bandwidth of the amplifier unit for open load is 2 kHz (E-507 Amplifier Module (HVPZT, Physik Instrumente)). Since the feedback controller and the membrane actuator are much faster than the amplifier, it is possible to reduce the settling time considerably. The fundamental limit comes from the actuator itself and using stiffer nitride membranes, an actuation bandwidth of 400 kHz has been demonstrated [24] . With a quality factor (Q) of 5, the settling time (t) of the actuator is less than 40 ms (t ¼Q/pf 0 [28] ). So, this technology would be suitable for applications requiring fast forceclamp operation. Unlike photothermal actuators [29] , this method does not require additional laser and optics for actuation and is relatively easy to operate.
Biological test system and experimental results
We used the force-clamp setup to measure biomolecular bond life-times. For the initial experiment, we probed the interactions between human IgG and anti-human IgG obtained from SigmaAldrich (St. Louis, MO). Prior to the force-clamp experiments we have performed constant-speed molecular pulling experiments to characterize biomolecular interactions. For this experiment, we used a 0.01 N/m stiff cantilever (MLCT-C, Veeco Probes) and the piezotube actuator of the AFM system (see Fig. 6a ). The functionalization protocol included incubation of a hard substrate with 20 ml of anti-human IgG (10 mg/ml) for about 15 min at room temperature. Then the substrate was soaked with 1% BSA DPBS (from Sigma-Aldrich). The cantilever was incubated with 10 ml of human IgG (10 mg/ml) for about 15 min again at room temperature. We performed molecular pulling experiments by repeatedly moving a functionalized cantilever in and out of contact with a functionalized surface at different speeds. We gathered a total of $ 1200 force curves to complete the experiment. We analyzed the results of pulling experiments to extract the so called Bell parameters:k 0 of f and x b , the off-rate at the absence of force and the barrier width, respectively using a recently introduced method [30] . Fig. 6b shows the force dependent off-rate plotted as a function of the force bin width. For a fixed force applied (F) on the bond, the thermal force (F b ) and the off-rate (k off ) is fixed and given as:
Based on an exponential fit to the experimental data, k 0 of f and x b values were determined as 0.0055 s À 1 and 0.41 nm, respectively. Fig. 6c shows a typical force curve when we recorded no binding/unbinding event among the collected force curves. On the other hand, Fig. 6d shows a recorded unbinding force of 38 pN for an experimentally measured pulling speed of 810 nm/s.
Next, we probed the interactions between the same pair of biomolecules using the force-clamp setup. We coupled another 0.01 N/m stiff cantilever with a 200 mm diameter membrane actuator with a stiffness of 150 N/m. We functionalized the membrane following the same steps we took for the hard substrate. We initiated the experiments with bringing the AFM cantilever in contact with the membrane that was already biased. After the point of contact, the controller carried out the operation. In the case of a bond formation, the membrane was first moved away from the cantilever so that the biomolecules were stretched with a user-defined set point force. Then this level was kept constant by updating membrane position until the point of unbinding. Unbinding event occurs when the molecular bond ruptures. At the point of rupture, the cantilever snaps back to its rest position and the controller stops its operation. In this experiment, we measured the elapsed time from the point of stretching to the point of rupture as life-time. Fig. 7a and b shows the measured life-times when the clamp force was set at 50 pN. These force traces suggest the life-time values of 1.08 s and 0.98 s.
We compared the life-time values obtained using force-clamp setup with the results of constant-speed molecular pulling experiments. We ran simple Monte-Carlo (MC) simulations to predict lifetime spectrum for a specified clamping force.
MC simulations comprise of a recursive comparison of instantaneous unbinding probability for time step DT with a random number between 0 and 1. Instantaneous unbinding probability is given in Eq. (2) and if it is larger than the random number, bond is assumed broken. If not, time is stepped up until the bond gets broken. The time when the bond is broken is considered as the lifetime.
P rupture ¼ 1ÀexpðÀk of f DTÞ ð 2Þ Fig. 7c shows the distribution of life-times when MC simulation was run for a clamping force of 50 pN. An exponential distribution function can be fitted to the life-time distribution. The mean value for the fitted probability density function is 1.24 s. This value independently validates the findings of the force-clamp experiments.
Distance recording is not necessary for the presented biological experiment where measurement of bond life-times is adequate. However, the capability of distance recording is needed for a variety of different experiments such as protein folding/unfolding. We would like to note that the presented force-clamp setup is suitable for independent force and distance measurements. The drive signal fed to the calibrated membrane actuator is used to monitor the displacement. The drive signal is an accurate measure for displacement for calibrated membranes as described in Fig. 2 . Moreover, independent displacement measurement with picometer resolution is possible using an optical readout mechanism described elsewhere [26] . Fig. 8 shows the simultaneously captured force and membrane displacement data obtained by the explained force-clamp experiment. Here we set the force between the biomolecules at 80 pN while the membrane kept the set force constant till the time of rupture at t ¼0.38 s. For this example, the change in membrane position can be considered as a measure for the drift and mechanical instability associated with the current setup. Obviously, drift and stability control is very important for the experiments in need of accurate distance measurement.
Conclusion
In this paper we demonstrated a force-clamp setup employing micromachined membrane-based electrostatic actuators. The displacement range of the actuator is defined by the gap height between its electrodes. The current devices provide a displacement range of $ 1.8 mm with a reasonable voltage requirement. Parylene membranes on silicon can be actuated with a bandwidth of a few tens of kHz in fluid. The nitride membranes on quartz are an order of magnitude faster. Both types of membranes may allow faster operation when compared with traditional piezo actuators. In addition to fast operation, cantilevers actuated by membranes are exposed to smaller hydrodynamic drag force due to the reduced actuation area [25] . We envision fast actuation capability with reduced drag forces using these membrane actuators. In addition, we aim to implement an array of micromachined membrane actuators to operate with an array of cantilevers. We use a software-based controller in our forceclamp setup. This is a flexible controller and can easily be modified. We can also update controller parameters during its operation. We characterized our setup in terms of response specifications. The clamp operation of the membrane does not introduce significant uncertainty on the cantilever readout. In a typical experiment, we found an uncertainty of 0.8 nm including system noise and drift. Transient response of the setup is currently limited by the amplifier we use and the settling time for the setup is $5 ms. This figure can be improved with a faster amplifier.
Finally, we performed biomolecular life-time measurements using this method as a feasibility work. Using the force-clamp setup, we stretched the molecular bonds between human IgG and anti-human IgG molecules. The controller kept the stretching force constant by updating the membrane position until we observed rupture events. We also verified the life-time values with molecular constant-speed pulling experiments which are in good agreement with simulations. These initial experiments indicate that this system architecture is suitable for various biomolecular mechanics measurements and it can be further improved as discussed here. Fig. 8 . Example force and membrane displacement data simultaneously captured during the biomolecular force-clamp experiment. The force between the biomolecules was set at 80 pN while the membrane kept the set force constant till the time of rupture at t¼ 0.38 s.
